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ABSTRACT
Binary post-asymptotic giant branch (post-AGB) stars are thought to be the products of a strong but poorly-understood interaction
during the AGB phase. The aim of this contribution is to update the orbital elements of a sample of galactic post-AGB binaries
observed in a long-term radial-velocity monitoring campaign, by analysing these systems in a homogeneous way. Radial velocities
are computed from high signal-to-noise spectra by use of a cross-correlation method. The radial-velocity curves are fitted by using
both a least-squares algorithm and a Nelder-Mead simplex algorithm. We use a Monte Carlo method to compute uncertainties on
the orbital elements. The resulting mass functions are used to derive a companion mass distribution by optimising the predicted to
the observed cumulative mass-function distributions, after correcting for observational bias. As a result, we derive and update orbital
elements for 33 galactic post-AGB binaries, among which 3 are new orbits. The orbital periods of the systems range from 100 to
about 3000 days. Over 70 percent (23 out of 33) of our binaries have significant non-zero eccentricities ranging over all periods.
Their orbits are non-circular despite the fact that the Roche-lobe radii are smaller than the maximum size of a typical AGB star and
tidal circularisation should have been strong when the objects were on the AGB. We derive a distribution of companion masses that
is peaked around 1.09 M⊙ with a standard deviation of 0.62 M⊙. The large spread in companion masses highlights the diversity of
post-AGB binary systems. Post-AGB binaries are often chemically peculiar, showing in their photospheres the result of an accretion
process of circumstellar gas devoid of refractory elements. We find that only post-AGB stars with high effective temperatures (>
5500 K) in wide orbits are depleted in refractory elements, suggesting that re-accretion of material from a circumbinary disc is an
ongoing process. It appears, however, that depletion is inefficient for the closest orbits irrespective of the actual surface temperature.
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1. Introduction
The final evolution of low- and intermediate-mass stars is still
veiled by many uncertainties. One of the important research
questions is the impact of binarity on the ultimate fate of
such stars (see recent reviews by De Marco & Izzard 2017;
Jones & Boffin 2017, and references therein). Binary interaction
can have an impact on the intrinsic properties of an evolved star.
For example, it can alter the pulsations, the mass-loss efficiency
and geometry, the dust-formation processes, and the circum-
stellar envelope morphology. Binary interaction can even play
a dominant role in determining the ultimate fate of the object.
Moreover, a plethora of peculiar objects and violent phenomena
result from mass transfer in binary stars, ranging from the spec-
tacular thermonuclear novae, supernovae type Ia, sub-luminous
supernovae, gravitational wave sources, etc., to less energetic
systems such as sub-dwarf B stars, barium stars, cataclysmic
variables, bipolar planetary nebulae (PNe).
The final phase of evolution of low- and intermediate-mass
stars (0.8 – 8 M⊙) is a rapid transition from the asymptotic giant
branch (AGB) via the post-AGB phase towards the PN stage.
Post-AGB stars are considered transition objects which have left
the AGB but are not yet hot enough to ionise the circumstellar
environment (Van Winckel 2003). When the envelope mass of
the AGB star is reduced to ∼ 0.02 M⊙, the post-AGB phase starts
which coincides with the end of dust-drivenmass loss. The speed
of evolution of a post-AGB star is mainly determined by how fast
its remaining envelope mass is reduced even further (Blöcker
1995; Vassiliadis & Wood 1994; Miller Bertolami 2016).
When the first binary post-AGB stars were serendipitously
discovered (e.g. Waelkens et al. 1991; Pollard & Cottrell 1995;
Waelkens et al. 1996; Van Winckel et al. 1995), it turned out that
their spectral energy distributions (SEDs) had several common,
but distinct properties. This is illustrated in Fig. 1 where a typ-
ical SED of a post-AGB binary is displayed. The SED displays
the photospheric contribution of the central luminous post-AGB
star with a clear excess due to thermal emission of dust in the
infrared. The distinct property is that the excess starts in the
near-infrared (near-IR), often at wavelengths shorter than 2 µm,
indicating that this circumstellar dust must be close to the cen-
tral star, near sublimation radius. The peak of the dust excess is
typically around 10 µm and in the long-wavelength tail, the spec-
tral index follows the Rayleigh-Jeans slope up to sub-millimetre
wavelengths. It is now well established that these specific fea-
tures in the SED indicate the presence of a stable compact disc
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Fig. 1: SED of post-AGB star HD 108015. The black solid line
denotes the atmospheric model, the red line is the reddened
model with E(B-V) = 0.15. The different coloured symbols are
the photometric data points of different passband filters.
in the system (e.g. Hillen et al. 2017; Kluska et al. 2018, and ref-
erences therein). This type of SEDs are called disc-type SEDs.
The disc-type SEDs are common and in the Galaxy alone,
some 80 post-AGB stars with such an SED were identified
(De Ruyter et al. 2006; Gezer et al. 2015; Van Winckel 2017).
Moreover, in systematic surveys of the Large and Small Magel-
lanic Clouds in search of post-AGB candidates, the evolved ob-
jects with these disc-type SEDs were found to outnumber the op-
tically bright post-AGB stars which likely have expanding dust
shells (Kamath et al. 2014, 2015).
Prior to this work, the orbits of 30 galactic post-AGB bina-
ries were known (references are given in Table 1). The periods
were found to be in the range 100–2500 days. Furthermore, the
observed orbits show an excess of non-zero eccentricities even
though the orbital sizes are too small to accommodate a full-
grown AGB star (Van Winckel 2003, 2007; Van Winckel et al.
2009).
In this contribution we present the result of a systematic and
long-term effort to find and investigate the orbital properties of
binary post-AGB stars selected on the basis of their SED prop-
erties (see De Ruyter et al. 2006; Gezer et al. 2015). In Sect. 2,
we state the origin of the data used in this work. In Sect. 3, we
present the results of the orbital and SED fitting. We compare
depletion in post-AGB stars with the stellar and orbital proper-
ties in Sect. 4. The distribution of companion masses is derived
in Sect. 5 and the orbital properties of the post-AGB binaries are
presented in Sect. 6. We discuss the results in Sect. 7.
2. Observational data
2.1. Older data
Prior to 2009, we accumulated data via specific observing
runs at the 1.2-m Swiss telescope and the CORALIE spectro-
graph (Queloz et al. 1999). These radial velocity data were sup-
plemented with radial velocity determinations based on high-
resolution high signal-to-noise spectra obtained for our abun-
dance determinations. These spectra were obtained with the 1.4-
m CAT telescope and the CES spectrograph (Enard 1982), the
FEROS spectrograph on the 1.5-m ESO telescope (Kaufer et al.
1999), or the EMMI spectrograph of the 3.5-m NTT ESO
telescope (Dekker et al. 1986). Additionally, for some objects
we obtained radial velocities with the CORAVEL instrument
(Baranne et al. 1979) mounted on the 1.5-m Danish telescope
also at the ESO La Silla observatory. In Table 1, we refer to the
specific original papers. In addition, we collected radial velocity
data from the literature at large.
2.2. HERMES data
A very systematic long-term monitoring started in 2009 when
our HERMES spectrograph (Raskin et al. 2011) on the 1.2-m
Mercator telescope at the Roque de los Muchachos observa-
tory became operational. This efficient fibre-fed spectrograph is
available during the whole year and allows for an extensive ob-
serving campaign (Van Winckel et al. 2010; Gorlova et al. 2013;
Van Winckel 2015). Most of the data analysed here is from this
effort. Radial velocities (RVs) from all the new HERMES spec-
tra have been computed by use of a cross-correlation method.
This method fits a line mask to the observed spectrum and max-
imises the cross-correlation function. This consequently returns
the radial velocity of the star, along with the 1σ-uncertainty. This
method is described in more detail by Van Winckel et al. (2014).
HERMES is calibrated against the IAU radial velocity zeropoint.
We did not find systematic offsets between the different spectro-
graphs used so we accumulated all radial velocity information
per star irrespective of the source.
2.3. SEDs
In order to construct the disc-type SEDs in Appendix A, we have
collected photometric data by making use of the Vizier database
(Ochsenbein et al. 2000) and the general catalogue of photomet-
ric data (GCPD, Mermilliod et al. 1997). Photometry at blue,
optical, and near-infrared wavelengths characterise the photo-
spheric emission of the post-AGB stars. Consequently, these
data points are used to fit the post-AGB photosphere (see Sect.
3.2). Emission at longer wavelengths is dominated by lower-
temperature emission from the dusty disc, hence photometry at
mid- and far-infrared wavelengths characterise the circumstellar
environment. The origin of the photometric data used to con-
struct the SEDs is given in Appendix A.
3. Data Analysis
3.1. Orbital fitting
The orbital analysis is performed for all objects in a homoge-
neous way by first making an initial guess for the orbit. For
the binaries that already have published orbits, the initial guess
is simply the set of orbital elements available for that star. In
the case of unpublished orbits, a Lomb-Scargle periodogram has
been used to estimate the period. The next step involves an opti-
misation of the orbit to the observed radial velocities. Since the
orbit is Keplerian, this requires a nonlinear optimisation algo-
rithm. In this work, we used two separate optimisation routines:
a least-squares algorithm and a Nelder-Mead simplex algorithm
(Nelder & Mead 1965).
The use of two separate routines was required since the opti-
misation algorithms do not always converge to a good solution.
This is mainly because of the large scatter in the RV curve due to
pulsations. Many post-AGB stars in our sample are variable, and
some of them populate the population II Cepheid instability strip
in the HR diagram. The latter are known as RV Tauri stars, and
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Table 1: Updated orbital elements
# Star name Period (days) Eccentricity T0 (days) ω (
◦) K1 (km/s) γ (km/s) ref.
1 89 Her 289.1±0.2 0.29±0.07 2447832±12 68.4±15 4.2±0.3 -27.0±0.2 1
2 AC Her 1188.9±1.2 0.0+0.05 / / 10.8±0.7 -28.8±0.5 2
3 BD+39 4926 871.7±0.4 0.024±0.006 2451040±36 150.8±15 16.06±0.08 -30.45±0.07 3
4 BD+46 442 140.82±0.02 0.085±0.005 2455233.9±1.3 275.8±3.3 23.8±0.1 -98.13±0.08 4
5 DY Ori 1248±36 0.22±0.08 2455990±56 87.2±19 12.4±1.0 -0.11±0.04 5
6 EP Lyr 1151±14 0.39±0.09 2455029.3±8.7 61.1±7.6 13.4±1.3 15.9±1.0 5
7 HD 44179 317.6±1.1 0.27±0.03 2408735.9±5.3 346.6±4.8 12.1±0.3 20.0±0.2 6, 7
8 HD 46703 597.4±0.2 0.30±0.02 2443519.6±7.6 241.9±4.2 16.0±0.3 -93.3±0.2 8
9 HD 52961 1288.6±0.3 0.23±0.01 2407308±24 297.4±5.9 13.1±0.3 6.2±0.2 7
10 HD 95767 1989±61 0.25±0.05 2449500±95 197.7±19 12.1±0.8 -20.3±0.8 9
11 HD 108015 906.3±5.9 0.0+0.03 / / 3.4±0.3 4.0±0.2 9
12 HD 131356 1488.0±8.7 0.32±0.04 2449398±32 162.7±6.9 16.3±0.7 -6.7±0.4 9
13 HD 158616 363.3±1.0 0.0+0.1 / / 8.4±1.0 56.1±0.7 10
14 HD 213985 259.6±0.7 0.21±0.05 2407110±16 104.8±26 31.4±1.0 -42.0±0.9 9
15 HP Lyr 1818±80 0.20±0.04 2456175±61 14.2±13 7.8±0.2 -115.6±0.2 5
16 HR 4049 430.6±0.1 0.30±0.01 2447176.6±3.8 236.5±3.5 16.6±0.2 -31.9±0.2 11
17 IRAS 05208-2035 234.38±0.04 0.0+0.02 / / 18.4±0.2 35.6±0.1 17
18 IRAS 06165+3158 262.6±0.7 0.0+0.05 / / 15.5±0.5 -16.4±0.3
19 IRAS 06452-3456 215.4±0.4 0.0+0.03 / / 36.9±0.6 45.9±0.3
20 IRAS 08544-4431 501.1±1.0 0.20±0.02 2451499.6±7.8 230.1±5.9 8.8±0.2 62.4±0.1 12
21 IRAS 09144-4933 1762±27 0.30±0.04 2451302±39 145.7±7.7 14.5±0.6 29.6±0.5 5
22 IRAS 15469-5311 390.2±0.7 0.08±0.02 2451530±13 114.0±16 12.3±0.4 -13.9±0.3 12
23 IRAS 16230-3410 649.8±3.5 0.0+0.13 / / 3.9±0.3 -154.3±0.2
24 IRAS 17038-4815 1394±12 0.63±0.06 2451694±15 124.5±5.5 15.2±1.5 -25.6±0.5 5
25 IRAS 19125+0343 519.7±0.7 0.24±0.03 2451503±11 243.0±8.1 12.0±0.5 67.3±0.3 12
26 IRAS 19135+3937 126.97±0.08 0.13±0.03 2454997.7±1.0 66.0±4.4 18.0±0.6 2.1±0.4 13
27 IRAS 19157-0247 119.6±0.1 0.34±0.04 2451366.5±2.9 72.1±8.0 8.0±0.4 31.7±0.3 12
28 RU Cen 1489±10 0.62±0.07 2449885±25 315.2±12 22.1±1.9 -25.9±0.8 14
29 SAO 173329 115.951±0.002 0.0+0.04 / / 12.4±0.3 73.3±0.2 9
30 ST Pup 406.0±2.2 0.0+0.04 / / 17.9±0.7 0.1±0.2 15
31 SX Cen 564.3±7.6 0.0+0.06 / / 21.5±0.9 24.3±1.0 14
32 TW Cam 662.2±5.3 0.25±0.04 2455111±18 144.4±10 14.1±0.6 -49.8±0.5 5
33 U Mon 2550±143 0.25±0.06 2451988±316 87.3±15 14.9±1.1 24.1±1.0 16
Notes. References point to previously published orbits of stars for which additional RV data was collected in order to update the available orbital
elements.
References. (1) Waters et al. (1993); (2) Van Winckel et al. (1998); (3) Kodaira et al. (1970); (4) Gorlova et al. (2012); (5) Manick et al. (2017);
(6) Waelkens et al. (1996); (7) Van Winckel et al. (1995); (8) Hrivnak et al. (2008); (9) Van Winckel et al. (2000); (10) De Smedt et al. (2016);
(11) Waelkens et al. (1991); (12) Van Winckel et al. (2009); (13) Gorlova et al. (2015); (14) Maas et al. (2002); (15) Gonzalez & Wallerstein
(1996); (16) Pollard et al. (2006); (17) Gielen et al. (2008)
their pulsation periods are of the order of 10–100 days. The am-
plitude of the pulsations in the radial-velocity data can be of the
same magnitude as the orbital motion. This makes it difficult to
fit the orbit of the binary, especially if the orbit is wide, the com-
panion is of low-mass, and/or if the inclination is small. In some
cases, the optimisation fails for one algorithm, but works for the
other. In cases where the optimisation fails for both algorithms,
a better initial guess is required.
In order to improve the orbital fitting, we have obtained
pulsationally cleaned data from Manick et al. (2017) for the
RV Tauri stars DY Ori, EP Lyr, HP Lyr, IRAS 09144-4933,
IRAS 17038-4815, and TW Cam. For strong pulsators without
cleaned data available, we removed pulsations using a similar
approach as Manick et al. (2017). This was done using an iter-
ative procedure involving a Lomb-Scargle periodogram to esti-
mate the pulsation frequencies in RV data after the orbital motion
is subtracted, and then fitting a sine curve to the pulsations and
subtracting these from the residuals of the orbit. This procedure
is repeated until the peak of the pulsational frequency in the pe-
riodogram is less than three times the noise level. The pulsations
found are subtracted from the original RV data, and the orbit is
re-fit. This iterative procedure can be repeated until no improve-
ment on the orbital fitting is obtained. The pulsational cleaning
was applied to AC Her, IRAS 08544-4431, IRAS 19157-0247,
and U Mon (see Appendix B).
Because the scatter in the RV curve due to the residuals of
pulsations is inherently larger than the uncertainty on the RV
measurements, the best-fitting model is selected based on the
variance of the residuals of the fit. The optimisation algorithms
cannot handle circular orbits very well and will almost always
find a low-eccentricity orbit that is better-fitting, even though
the orbit might be (very close to) circular in reality. To han-
dle this, we use the Lucy and Sweeney test for circular orbits
(Lucy & Sweeney 1971). The null hypothesis is that the eccen-
tricity is zero and a 5% significance level is adopted. Only if the
null hypothesis is rejected, the eccentric orbit is taken as best-
fitting model.
In this work, we adopted a Monte Carlo method to compute
the uncertainty intervals on the parameters from the fitting pro-
cess. Since the main source of noise in the data is due to un-
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Table 2: Projected semi-major axis, mass functions, and minimum masses
# Star name a1 sin i (AU)
Mass function
(M⊙)
Minimum mass (M⊙)
(M1 = 0.6, i = 75
◦)
1 89 Her 0.106±0.007 0.0019±0.0004 0.10
2 AC Her 1.176±0.080 0.153±0.032 0.64
3 BD+39 4926 1.286±0.007 0.373±0.006 1.03
4 BD+46 442 0.3074±0.0014 0.195±0.003 0.72
5 DY Ori 1.39±0.11 0.23±0.05 0.79
6 EP Lyr 1.30±0.12 0.22±0.06 0.77
7 HD 44179 0.342±0.008 0.053±0.003 0.38
8 HD 46703 0.839±0.015 0.220±0.012 0.77
9 HD 52961 1.507±0.034 0.274±0.019 0.87
10 HD 95767 2.14±0.16 0.33±0.07 0.96
11 HD 108015 0.28±0.02 0.0036±0.0009 0.13
12 HD 131356 2.11±0.09 0.57±0.07 1.33
13 HD 158616 0.28±0.03 0.022±0.008 0.26
14 HD 213985 0.733±0.025 0.777±0.079 1.62
15 HP Lyr 1.27±0.06 0.083±0.007 0.47
16 HR 4049 0.627±0.010 0.177±0.008 0.69
17 IRAS 05208-2035 0.396±0.004 0.150±0.005 0.64
18 IRAS 06165+3158 0.374±0.011 0.10±0.01 0.52
19 IRAS 06452-3456 0.73±0.01 1.12±0.05 2.07
20 IRAS 08544-4431 0.398±0.008 0.033±0.002 0.31
21 IRAS 09144-4933 2.25±0.11 0.49±0.07 1.21
22 IRAS 15469-5311 0.438±0.015 0.074±0.008 0.45
23 IRAS 16230-3410 0.232±0.021 0.004±0.001 0.13
24 IRAS 17038-4815 1.52±0.08 0.24±0.04 0.81
25 IRAS 19125+0343 0.56±0.02 0.086±0.010 0.48
26 IRAS 19135+3937 0.209±0.008 0.075±0.008 0.45
27 IRAS 19157-0247 0.083±0.003 0.0053±0.0007 0.15
28 RU Cen 2.38±0.15 0.81±0.17 1.66
29 SAO 173329 0.132±0.003 0.023±0.001 0.27
30 ST Pup 0.67±0.02 0.241±0.026 0.81
31 SX Cen 1.12±0.05 0.58±0.07 1.35
32 TW Cam 0.83±0.04 0.174±0.022 0.68
33 U Mon 3.38±0.31 0.79±0.18 1.64
known stellar pulsations rather than the intrinsic measurement
error, we apply the following method. First, the best-fitting or-
bit was subtracted from the observed radial velocities. The stan-
dard deviation on the residuals is then used to generate 1000 RV
curves for each of the binaries by randomly sampling new RV
data normally distributed around the best-fitting model. This as-
sumes that the scatter in the radial velocities also is normally
distributed. These synthetic RV curves are fitted again and the
1σ-uncertainties on the parameters are computed from the stan-
dard deviation of the resulting distribution of orbital elements.
The list of orbital elements for each of the binaries, along with
their uncertainties, is given in Table 1. Note that the uncertainty
on the eccentricity for circular orbits is in fact a one-sided con-
fidence interval, such that the 1σ-uncertainty quoted in Table 1
corresponds to the 68% confidence level. Furthermore, circular
orbits do not have a time of periastron passage (T0) nor an argu-
ment of periastron (ω), hence these values are omitted for these
objects in Table 1.
The orbital elements describe the orbit of the post-AGB star
around the centre of mass. Consequently, we can derive useful
quantities, such as the projected distance of the post-AGB star
to the centre of mass, a1 sin i. Another interesting quantity is the
mass function f (m) which is defined as
f (m) =
PK3
1
2piG
(1 − e2)
3
2 =
M3
2
(M1 + M2)2
sin3 i, (1)
where the first equation consists solely of measured orbital ele-
ments and physical constants, while the second equation relates
to the masses of both stars and the (unknown) inclination angle.
The projected semi-major axis and mass function for each of the
post-AGB binaries are given in Table 2.
3.2. SED fitting
In this work, we perform a preliminary analysis of the SEDs
of all the targets in our sample. In future work, we will pro-
vide the SED fits of all known galactic disc-type post-AGB stars
with sufficient photometry. All the SEDs in our binary sample
(see Appendix A) have been fitted with a MARCS model at-
mosphere (Gustafsson et al. 2008). The fit was performed with
a grid search over all free parameters using a χ2-minimalisation
method (Degroote et al. 2011). The fit was only performed at op-
tical and near-IR wavelengths, since longer wavelengths are af-
fected by disc emission. The IR-excess caused by the disc starts
at different wavelengths, depending on both the temperature at
the inner rim of the disc as well as the inclination angle, but al-
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ways starts between 1–3 µm. Consequently, for each star individ-
ually we determine from which wavelength disc emission starts
to significantly contribute to the observed flux. In Fig. A.1, the
photometry included in the fitting procedure is shown as filled
circles, while photometry excluded from the fit are shown as
empty circles. To fit the model atmospheres, the effective tem-
perature, surface gravity, and metallicity were constrained with
spectroscopic data from literature (see Table 3) within their un-
certainty, although we allowed for a larger range in temperatures
(±500 K) for the large-amplitude pulsators in our sample. We as-
sume in this process that the total extinction in the line-of-sight
has the wavelength dependency of the interstellar-medium (ISM)
extinction law (Cardelli et al. 1989).
After the model atmosphere was fitted, the infrared excess of
the star was integrated. The fraction of the infrared luminosity
with respect to the post-AGB luminosity is a useful quantity that
provides information on how much energy of the star is repro-
cessed by dust in the disc. Note that the LIR/L∗ ratio can be larger
than 1 in cases where the disc partly obscures the post-AGB star,
as in the case of HD 44179 (also known as the Red Rectangle)
where we only see the post-AGB star via scattered light. The
results of the SED fitting (E(B-V) and LIR/L∗) are presented in
Table 3.
4. Depletion
Post-AGB stars are chemically very diverse (Van Winckel 1997;
Gielen et al. 2009; Gezer et al. 2015; Kamath & Van Winckel
2018). Most, but not all disc-type post-AGB stars are depleted in
refractory elements, i.e. elements that are easily captured in dust
grains have low photospheric abundances. There is a clear in-
verse correlation between the condensation temperature of a par-
ticular element and its abundance in the post-AGB photosphere
(Maas et al. 2005). The proposed mechanism that produces this
phenomenon is re-accretion of gas from a circumbinary disc
(Waters et al. 1992). Because dust is subject to a much larger
radiation pressure than gas, the gas separates from the dust and
can be accreted back onto the post-AGB star. This gas, which is
poor in refractory elements, will deplete the stellar photosphere
of these refractory elements, while the volatile elements are less
affected. Consequently, a good measure for the ‘depletion’ of a
post-AGB star is the ratio of S or Zn, which have low condensa-
tion temperatures, against Fe or Ti, which have high condensa-
tion temperatures. These ratios are listed in Table 3, relative to
the solar abundance ratios. In this work, we consider a post-AGB
star not to be depleted if the [S/Ti] or [Zn/Ti] ratios are smaller
than 0.5 dex. If [S/Ti] and [Zn/Ti] are in the range 0.5− 1.0 dex,
the post-AGB star is mildly depleted. The post-AGB stars are
moderately depleted if the ratios are in the range 1.0 − 1.5 dex,
and strongly depleted if the ratios are larger than 1.5 dex. In the
absence of a [S/Ti] and [Zn/Ti] tracer, we use the [Zn/Fe] ratio
to quantify depletion.
All post-AGB stars that are depleted harbour a circumbinary
disc (as seen from the SED), but not all post-AGB stars with
discs are depleted (e.g. Gezer et al. 2015). Consequently, having
a circumbinary disc is a necessary condition for depletion, but
not sufficient. In order to investigate why some post-AGB stars
in our sample are (not) depleted, we plot the level of depletion in
a diagram of effective temperature versus projected semi-major
axis of the post-AGB orbit around the centre of mass in Fig. 2.
The different symbol sizes and colours correspond to different
levels of depletion.
Figure 2 shows that the depleted objects are clearly sepa-
rated from the non-depleted objects. On one hand, post-AGB
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Fig. 2: Effective temperature of the post-AGB stars versus the
projected separation of the post-AGB orbits. Different levels of
depletion are depicted by different colours and increasing sym-
bol sizes. Objects that are numbered are discussed in Sect. 7.1.
stars show no depletion if their effective temperature is smaller
than about 5000 K. On the other hand, the high-temperature ob-
jects are depleted only if the distance of the post-AGB star to
the centre of mass is large enough. Since we only see the pro-
jected distance, this boundary is not clearly defined, but can be
estimated to be around 0.3 AU.
The correlation between depletion and orbital size for high-
temperature post-AGB stars is also present if one compares de-
pletion with the orbital period instead of a1 sin i. The orbital
period is related to the semi-major axis of the binary via the
total mass of the system (and hence the mass of the compan-
ion star). Since the mass of the companion is unknown for the
individual systems, the threshold for an object to be depleted
or non-depleted is also not clear in this case and lies around
P ≈ 300 days.
5. Companion masses
5.1. Mass function distribution
The mass functions from Table 2 are shown as a cumula-
tive distribution in Fig. 3. The peak of the mass-function dis-
tribution is around 0.2 M⊙. The sample contains 4 systems
that have very low mass functions . 0.005 M⊙ (i.e., 89 Her,
HD 108015, IRAS 19157-0247, and IRAS 16230-3410). A
small mass function can be the result of a very low inclina-
tion angle and/or a small companion mass (see Eq. 1). For the
well-studied case 89 Her, the geometry and kinematics of the
CO outflow favours an inclination of approximately 12 degrees
(Bujarrabal et al. 2007; Hillen et al. 2013). Assuming a post-
AGB star of mass 0.6 M⊙, the corresponding companion mass is
between 0.5−1.2 M⊙. For the other three systems, no additional
data is available to constrain the inclination.
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Table 3: Spectroscopic data and results of SED fitting for post-AGB stars in the sample.
# Star name Teff (K) log g E(B-V) LIR/L∗ [Fe/H] [Zn/Fe] [Zn/Ti] [S/Ti] Depletion Ref.
1 89 Her 6600 0.8 0.02 0.38 -0.5 0.1 0.6 0.7 mild 1
2 AC Her 5800 1.0 0.46 0.24 -1.4 0.5 0.7 1.2 mild 2
3 BD+39 4926 7750 1.0 0.23 0.0 -2.4 1.7 2.0 3.2 strong 3
4 BD+46 442 6250 1.5 0.23 0.19 -0.8 -0.1 -0.2 -0.4 no 4
5 DY Ori 5900 1.5 0.90 0.74 -2.3 2.1 2.1 2.5 strong 5
6 EP Lyr 6200 1.5 0.48 0.04 -1.8 1.1 1.3 1.4 moderate 5
7 HD 44179 7500 0.8 0.15 18.1 -3.3 2.7 / / strong 6, 7
8 HD 46703 6250 1.0 0.23 0.02 -1.7 0.8 0.9 1.1 mild 8
9 HD 52961 6000 0.5 0.04 0.13 -4.8 3.4 3.0 3.4 strong 9, 10
10 HD 95767 7500 2.0 0.58 0.55 0.1 -0.2 0.0 0.1 no 11
11 HD 108015 7000 1.5 0.15 1.04 -0.1 -0.1 0.1 0.1 no 11
12 HD 131356 6000 1.0 0.15 0.65 0.0 0.2 0.6 0.5 mild 11
13 HD 158616 7250 1.25 0.51 0.23 -0.6 0.2 0.0 0.1 no 12
14 HD 213985 8250 1.5 0.12 0.35 -0.9 / / 1.9 strong 13
15 HP Lyr 6300 1.0 0.39 0.56 -1.0 0.6 2.6 3.0 strong 14
16 HR 4049 7600 1.1 0.20 0.12 -4.8 3.5 / / strong 6
17 IRAS 05208-2035 4250 0.75 0.01 0.43 -0.7 / / / no 3
18 IRAS 06165+3158 4250 1.5 0.53 0.39 -0.9 -0.1 0.0 / no 10
19 IRAS 06452-3456 / / 0.94 0.11 / / / / / /
20 IRAS 08544-4431 7250 1.5 1.32 0.49 -0.3 0.4 0.9 1.0 mild 15
21 IRAS 09144-4933 5750 0.5 1.78 0.81 -0.3 / / 1.3 moderate 15
22 IRAS 15469-5311 7500 1.5 1.27 0.74 0.0 0.3 1.8 2.1 strong 15
23 IRAS 16230-3410 6250 1.0 0.72 0.46 -0.7 0.3 1.0 1.1 moderate 15
24 IRAS 17038-4815 4750 0.5 0.57 0.79 -1.5 0.3 / / no 15
25 IRAS 19125+0343 7750 1.0 0.94 0.90 -0.3 0.4 2.3 2.6 strong 15
26 IRAS 19135+3937 6000 0.5 0.28 0.26 -1.0 0.0 / / no 10
27 IRAS 19157-0247 7750 1.0 0.66 0.79 0.1 / / 0.4 no 15
28 RU Cen 6000 1.5 0.18 0.39 -1.9 0.9 1.0 1.3 moderate 16
29 SAO 173329 7000 1.0 0.31 0.35 -0.9 0.1 -0.1 0.4 no 3
30 ST Pup 5500 1.0 0.06 1.32 -1.5 1.4 2.1 2.0 strong 17
31 SX Cen 6250 1.5 0.17 0.40 -1.1 0.6 1.5 1.9 strong 16
32 TW Cam 4800 0.0 0.42 0.43 -0.5 0.1 0.3 0.7 no 18
33 U Mon 5000 0.0 0.34 0.28 -0.8 0.2 0.0 0.5 no 18
Notes. Values for metallicity and surface gravity are in dex. Uncertainties are not quoted, but formal errors for temperature are ± 250 K, for
surface gravity ± 0.5 dex, and for abundances ± 0.3 dex. Effective temperature, surface gravity, and abundances come from literature, quoted in
the rightmost column. The E(B-V) values come from SED fitting (see Sect. 3.2), and the infrared luminosities are computed by integrating the
infrared excess in SEDs in Appendix A.
References. (1) Kipper (2011); (2) Giridhar et al. (1998); (3) Rao et al. (2012); (4) Gorlova et al. (2012); (5) Gonzalez et al. (1997); (6)
Van Winckel et al. (1995); (7) Waelkens et al. (1996); (8) Hrivnak et al. (2008); (9) Waelkens et al. (1991); (10) Rao & Giridhar (2014); (11)
Van Winckel (1997); (12) De Smedt et al. (2016); (13) De Ruyter et al. (2006); (14) Giridhar et al. (2005); (15) Maas et al. (2005); (16) Maas et al.
(2002); (17) Gonzalez & Wallerstein (1996); (18) Giridhar et al. (2000).
5.2. Companion mass distribution
Although companionmasses of individual systems are unknown,
we can derive the distribution of masses of companions in a sta-
tistical way by making several assumptions. First of all, we must
assume a mass for the post-AGB star. Post-AGB masses are ex-
pected to be limited to quite a narrow range similar to that of
white dwarfs, because these stars have already lost their entire
envelope. Post-AGB stars with an initial mass between 1 and
3 M⊙ are expected to have masses in the range 0.5 − 0.7 M⊙
(Miller Bertolami 2016). However, this is influenced by the
physics in previous evolutionary stages. In the main sequence,
core convective overshooting can act to increase the mass of the
core. Increased wind mass loss and/or common-envelope evo-
lution will act to decrease the final mass of the core, hence de-
crease the mass of the post-AGB star. Furthermore, the core mass
– luminosity relation cannot help us as the distances to most
post-AGB stars are very uncertain. The recent GAIA DR2 re-
lease is still based on single-star fits to the data to obtain the
parallaxes and hence distances. As the orbits are in the range of
one to several AUs, the orbital motion projected on the sky will
be of similar amplitude as the parallax. We therefore do not in-
clude distance estimates of our binaries in this paper. In what fol-
lows, we assume that the post-AGB mass distribution is similar
to the observed distribution of white dwarf masses. The GAIA
DR2 catalogue shows that this distribution peaks at 0.6 M⊙ and
0.8 M⊙ (Jiménez-Esteban et al. 2018; Kilic et al. 2018). How-
ever, the peak around 0.8 M⊙ is suggested to be resulting from
mergers. Given that our stars are in binaries which avoidedmerg-
ing, we assume a Gaussian distribution for the mass of the post-
AGB star centred around 0.6 M⊙ with a standard deviation of
0.05 M⊙, as given by Kilic et al. (2018). Even though this white-
dwarf mass distribution is based on a population of single white
dwarfs and binary interactions can result in lower-mass remnant
cores, we argue fromEq. 1 that a small change in post-AGBmass
M1 does not significantly impact the measured mass functions.
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Fig. 3: Observed and modelled cumulative mass-function dis-
tribution. The distribution for the companion masses is a Gaus-
sian profile centred around 1.1 M⊙ with standard deviation of
0.62 M⊙.
It is also required to impose a distribution for the inclination
angle. For completely random orientations of the orbital plane in
space, high inclinations (edge-on) are more frequently observed
than low inclinations (face-on). This projection effect is properly
described by
i = arccos(z), (2)
where z is the length of the projection of the unit normal vector
along the line-of-sight and is uniformly distributed in [−1, 1] for
random orientations of the orbital plane in space. However, we
do not expect to observe the post-AGB binaries edge-on, as the
disc would obscure the post-AGB photosphere from our field-of-
view. Since the target selection of our optically bright post-AGB
stars is based on the SED properties, we have no targets that are
observed edge-on, except for HD 44179. However, for the case
of HD 44179, the post-AGB star is observed via scattered light
which itself is inclined with respect to the orbit. This means that
we observe this binary as if it was inclined and hence its mea-
sured mass function is also attenuated by the scattering angle.
In order to take into account the observational bias because
of disc obscuration in our post-AGB sample, we limit the in-
clination angle distribution to 75◦ at maximum, which accounts
for the typical scale heights of the circumbinary discs (e.g.,
Hillen et al. 2016).
We derive the distribution of companionmasses from the ob-
served cumulative mass-function distribution (Fig. 3) by first as-
suming a shape for the distribution as a prior. For simplicity,
we assume a Gaussian distribution for the companion masses,
dN/dM2 ∝ exp
(
− 1
2
(
M2−µ
σ
)2)
, which has two free parameters,
the average µ and the standard deviation σ. Next, a large num-
ber of random values is generated within the distributions of the
post-AGBmass, the inclination, and the companionmass, which
in turn gives us a distribution for the mass functions according
to Eq. 1. By optimising µ and σ, a companion mass distribution
Fig. 4: Mass distribution of secondary stars in post-AGB binary
systems in our sample. The best-fit values for the Gaussian pro-
file are µ = 1.09+0.02
−0.02
and σ = 0.62+0.04
−0.05
in units in solar masses.
The red-shaded region denotes the uncertainty range on the mass
distribution.
can be found that, together with distributions of M1 and sin i,
results in a distribution of mass functions that best fits the ob-
served cumulative mass-function distribution. The optimisation
was performed using the Nelder-Mead simplex algorithm, while
the uncertainties on µ and σ were computed with a Monte Carlo
method.
In this procedure, we have imposed an additional constraint
on the semi-amplitude of the velocity of the post-AGB star. Since
the orbit of a post-AGB star becomes very hard to detect when
the radial-velocity shift is low, there is an observational bias
towards binaries with high velocity semi-amplitude K1. In or-
der to account for this effect, we take a distribution for the or-
bital period which we assume to be logarithmically distributed
(similar to what we observe). For each generated value of the
mass function, we draw a value for the period from a logarith-
mic distribution in the range 100–3000 days such that a velocity
semi-amplitude can be computed according to Eq. 1. We do not
take eccentricity into account here since its effect on the veloc-
ity semi-amplitude is relatively small. If this semi-amplitude of
the radial velocity is below 3 km/s, we remove this combination
from the fitting procedure as we probably would not have de-
tected this binary. The main effect of this constraint is to reject
low-mass companion stars in an orbit with low inclination from
the fit, as this results in a low value for the mass function. This
shifts the companion-mass distribution towards slightly lower
masses, as there is a small population of low-mass stars that we
would not observe.
The result of the fitting procedure is shown in Fig. 3. The
best-fit values from the optimisation are µ = 1.09+0.02
−0.02
and
σ = 0.62+0.04
−0.05
. This distribution is shown in Fig. 4. According
to this simple model, the peak of the distribution of companion
masses is around 1 M⊙. The distribution is bound from below at
0.1 M⊙, as this is the minimummass (i = 75
◦) of the lowest mass
function target in our sample (see Table 2). With a standard devi-
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Fig. 5: e logP-diagram of the sample of binary post-AGB stars.
ation of 0.62 M⊙, the distribution of masses ranges from 0.1 M⊙
up to 2.8 M⊙ at the 3σ-level.
We tested a more complex mass distribution by assuming
that there are also white-dwarf companions in the sample, which
have a very peaked mass distribution. We do not expect this to
be dominant in our sample as there is no detected symbiotic ac-
tivity, nor is there evidence in any of the systems for the ther-
mal contribution of the white-dwarf photospheres. We tried fit-
ting the distribution with a double Gaussian profile in order to
take into account a white-dwarf companion population. By in-
cluding this additional population, the mass distribution of the
main-sequence companions shifts towards higher masses. How-
ever, this does not give a significantly better fit, so we refrained
from adding this population.
Finally, a Kolmogorov-Smirnov goodness-of-fit test (K-S
test) was applied to test whether the Gaussian model is adequate
for the observed mass-function distribution. The null hypothesis
states that the two distributions are the same. The K-S test re-
turned a p-value of 0.9, which indicates a good fit and hence we
cannot reject the null hypothesis. This Gaussian model provides
a good estimate of the most probable masses of the secondary
stars. Moreover, the large standard deviation of 0.6 M⊙ shows
that a wide range of masses is needed for the companion popu-
lation.
6. Orbital properties
6.1. Period–eccentricity diagram
The period and eccentricity are arguably the most important ob-
servable characteristics of an orbit as they are directly related to
the angular momentum of the system. Consequently, the period
vs eccentricity diagram (also known as e log P-diagram) is an
important tool to understand the properties of a population of bi-
naries. The e log P-diagram of the sample of post-AGB binaries
is presented in Fig. 5. We find that 10 out of 33 binaries have
orbits indistinguishable from circular, while the other 23 have
eccentricities ranging up to 0.7. The uncertainty on the period of
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Fig. 6: Histogram of the distribution of separations in astronom-
ical units for the binaries in our sample. The height of the bins
corresponds to the fraction of binaries in that bin with a total
number of 15 bins.
the orbits is relatively small, as this is quite easy to determine.
This is especially the case for the shorter-period orbits, where a
large number of cycles were observed. The eccentricity on the
other hand is much harder to determine precisely. This is visible
in Fig. 5, where the error bars on the eccentricity are in some
cases quite large. This is most often a consequence of the large
scatter due to pulsations.
We tested for correlations in the orbital elements by perform-
ing a Spearman rank correlation test (Spearman 1904), which is
suitable for small data sets and is robust against outliers. We find
that the correlation between period and eccentricity is small but
significant. The r-statistic from the Spearman correlation test is
0.35, which results in a p-value of 0.045. In a similar fashion,
there is a correlation between eccentricity and a1 sin i (r = 0.39,
p = 0.025). It is clear that larger eccentricities occur, on average,
in wider orbits. There are some interesting exceptions, however,
as some very close orbits appear to be more eccentric. Moreover,
at periods below 1000 days, there are both eccentric and non-
eccentric orbits in the sample. Only the very wide orbits seem to
be exclusively eccentric.
Figure 5 shows an apparent lack of orbits with an eccentric-
ity between 0.1 and 0.2. However, given the limited number of
binaries in our sample and the relatively large uncertainties on
some of the eccentricities, we cannot confirm whether this gap
in the eccentricity distribution is real.
6.2. Size of the orbits
The semi-major axes of the post-AGB binary systems are related
to the orbital periods via Kepler’s third law. Since we now have
knowledge of the companion masses derived in Sect. 5, we can
compute the distribution of orbital separations for the binaries
in our sample by using the measured orbital periods. In order to
do so, we take the post-AGB mass distribution as before to be
a Gaussian distribution around 0.6 M⊙ with standard deviation
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Fig. 7: Histogram of the distribution of mass ratios. The height
of the bins corresponds to the fraction of binaries in that bin with
a total number of 15 bins.
of 0.05 M⊙. A semi-major-axis distribution is derived for each
binary individually by randomly drawing 10 000 values from all
distributions, while imposing a minimum mass for the compan-
ion distribution (see Table 2). The histogram constructed from
the sum of all semi-major-axis distributions is shown in Fig. 6.
The majority of the binaries have a separation smaller than ap-
proximately 4 AU. The semi-major-axis distribution goes up to
6 AU, which corresponds to the longest-period binary (U Mon)
in the sample with a high companion mass. The distribution is
bound from below at 0.4 AU.
The companion mass distribution can also be used to derive
a distribution for the mass ratios, which are defined as M1/M2.
We again draw 10 000 values from the post-AGB mass distri-
bution around 0.6 M⊙ and the companion mass distribution for
each binary individually, taking into account the minimum mass
from Table 2. The result is shown in Fig. 7. For most binaries,
the companion is more massive than the post-AGB star, as is ex-
pected from the companionmass distribution. As the companion
mass distribution extends to masses as low as 0.1 M⊙, the mass
ratio can reach a maximum value of 5, but this is the case for
only a small number of stars.
The radius of the Roche lobe of a star in a binary is only a
function of the semi-major axis a of the binary system and the
mass ratio of the two stars. From Eggleton (2006), we have the
relation
RL,1 =
0.44q0.33
(1 + q)0.2
a, (3)
where RL,1 is the radius of a sphere with the same volume as the
Roche lobe, q is the mass ratio, and a is the separation of the
binary system. This equation is valid for 0.1 ≤ q ≤ 10, which is
always satisfied in our sample of post-AGB binaries (see Fig. 7).
We apply the same procedure as before, i.e. we randomly draw
10 000 values out of all distributions (M1, M2, Porb) for each star,
which results in a distribution for the radii of the Roche lobes
of the post-AGB stars. The result is shown in Fig. 8. We find
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Fig. 8: Same as Fig. 6, but for the distribution of Roche-lobe
radii.
that the Roche-lobe radii range from 0.2 AU to 1.6 AU, with the
majority of the Roche lobes smaller than 1 AU. Consequently,
the current sizes of most post-AGB Roche lobes are smaller than
the maximum size of a typical AGB star (∼ 1–2 AU).
Since the effect of an unknown companion mass partly can-
cels in Eq. 3, the Roche-lobe radii are well-defined for the
individual post-AGB stars. As a result, the 3σ-uncertainty on
the Roche-lobe radii of the stars in our sample is on average
0.07 AU, despite the relatively large uncertainty on the compan-
ion masses.
7. Discussion
7.1. Depletion in binary post-AGB stars
As discussed in Sect. 4 and shown in Fig. 2, post-AGB stars with
low effective temperatures (Teff < 5500 K) are not depleted. This
can be understood from the structure of a low-temperature post-
AGB star. To quantify this, we computed stellar evolution mod-
els with the MESA code (Paxton et al. 2011, 2013, 2015, 2018).
Our models show that in the post-AGB phase, the effective tem-
perature is strongly dependent on the mass in the envelope of
the star (see Appendix C). For an 0.6 M⊙ post-AGB star of solar
metallicity, the mass in the envelope is of the order of 10−2 M⊙
at 3500 K, while at 5500 K only ∼ 10−3 M⊙ remains. There-
fore, a higher temperature post-AGB star needs to accrete much
less metal-poor gas in order to show depletion patterns, assuming
mixing in the envelope is efficient. Moreover, since a post-AGB
star evolves towards higher temperatures in the HR diagram, a
hotter post-AGB star can be regarded as ‘more evolved’ com-
pared to its lower-temperature analogues. One can argue that the
hotter post-AGB star had more time to accrete material from a
disc compared to a cooler post-AGB star. The increase of deple-
tion signatures with effective temperature is therefore consistent
with the idea that the accretion of gas from a circumbinary disc
is an ongoing process.
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Another remarkable feature in Fig. 2 is that the stars with the
lowest a1 sin i show no signature of depletion, regardless of their
effective temperature. The absence of the depletion phenomenon
in relatively compact systems can have two possible reasons. Ei-
ther the post-AGB star in a close orbit does not efficiently accrete
gas from the circumbinary disc, or the gas that is accreted from
the disc is not depleted. The latter could be the result of a too
high temperature at the inner rim of the disc such that the dust
sublimates and the refractory elements remain in the gas phase.
Examining Fig. 2 in more detail, there appears to be one ob-
ject that does not follow the trend discussed above. In the top
right corner, HD 95767 (#10) has a high effective temperature
and a large projected semi-major axis, yet shows no sign of de-
pletion. However, Van Winckel (1997) reported that this object
has a suprasolar sodium abundance, typical for massive F-type
supergiants. Added to the fact that this is the only post-AGB star
in our sample that lies in the galactic plane and its surface grav-
ity (see Table 3) is higher than that of post-AGB stars of similar
temperature, Van Winckel (1997) concludes that “it probably is
a genuinely massive supergiant, and its infrared excess is then
not the result of post-AGB evolution”.
The two objects on the left of Fig. 2 are 89 Her and
IRAS 16230-3410 (#1 and #23, respectively). These are two ob-
jects that show depletion, yet have a small projected semi-major
axis of less than 0.25 AU. The word ‘projected’ is key here,
since we know that 89 Her has a small inclination angle (a1 ≈
0.4–0.7 AU), and also IRAS 16230-3410 has a very small mass
function which could be the result of a near-face-on orbit. For
these two objects, the average distance of the post-AGB star to
the centre of mass can be much larger in reality.
7.2. Companion stars
The mass-function distribution for our sample of post-AGB bi-
naries can be modelled by a Gaussian distribution of compan-
ion masses centred around 1.09 M⊙ with a standard deviation of
0.62 M⊙ depicted in Fig. 4. The mass distribution of the com-
panions depends on star formation history, initial mass func-
tion, mass transfer history, and could suffer from observational
bias, so the real companion mass distribution may be more com-
plicated. The lack of constraints on the inclination prevents us
from determining it accurately. However, the Gaussian model
provides good insight into the general properties of the compan-
ion stars.
The large standard deviation is the sign of a large range of
companionmasses, ranging from 0.1 M⊙ to 2.5 M⊙. This is quite
remarkable, since this implies that the mass ratios of the post-
AGB binaries also have a large range, while the outcome of bi-
nary interaction is thought to depend to a large extent on themass
ratio of a binary system. As the objects were selected by their IR
excess, circumbinary discs are present in all the post-AGB bi-
naries of our sample. Consequently, the mass of the companion,
and hence also the mass ratio, apparently do not impact the for-
mation of a disc significantly.
The mass distribution of the companions is not strongly
peaked, as we would expect for white dwarfs, and our cumu-
lative mass-function distribution fit does not convincingly show
that there is a significant population of white dwarfs among the
companions. Additionally, we do not observe symbiotic activity
typical for accreting white dwarfs, which suggests that almost all
companions are of main-sequence nature.
Additional arguments for the companions to be main-
sequence stars come from some binaries where the Hα profiles
were found to turn into P-Cygni profiles at superior conjunc-
tion, when the companion is in front of the luminous primary
(Gorlova et al. 2015; Bollen et al. 2017). The interpretation is
that continuum photons are scattered out of the line-of-sight by
atoms in a jet created by an accretion disc around the compan-
ion. This accretion disc was even resolved in one of post-AGB
binaries by Hillen et al. (2016). The jets originating from these
companion stars show escape velocities that are lower than the
escape velocity of a typical white dwarf. We therefore conclude
that there is good observational evidence that most, if not all,
companion stars are unevolved main-sequence stars.
7.3. Orbits
7.3.1. Periods
A remarkable feature in the orbits of our sample of post-AGB bi-
naries is the period distribution, with periods ranging from 100–
3000 days. Given the mass distribution of the companion stars,
we can relate the period of the binaries to a distribution of post-
AGB Roche-lobe radii (see Fig. 8). The radii of the Roche lobes
range up to only about 1.5 AU, which is similar to the radius of
a low-mass AGB star near the end of the AGB phase. Moreover,
the wide binary systems have eccentric orbits, giving rise to a
smaller separation at periastron. Consequently, if we assume that
the radius of the Roche lobe did not change significantly since
the end of the AGB, we expect the progenitors of all our post-
AGB stars to have filled their Roche lobes at some point in their
evolution.
As a star in a binary fills its Roche lobe, it will initiate mass
transfer to the companion star. Since mass transfer is unstable
during the AGB for many configurations (Hjellming & Webbink
1987, however, see Chen & Han 2008; Woods & Ivanova 2011;
Pavlovskii & Ivanova 2015), it is expected that a common enve-
lope forms around the binary, which should cause the system to
spiral in considerably with resulting periods of the order of days
(Izzard et al. 2012). On the other hand, the longer period systems
that do not interact significantly are expected to widen because
of the mass lost by an isotropic stellar wind from the AGB star
(Nie et al. 2012). So a bimodal distribution can be expected with
a population of close orbits (< 100 d), as products of the com-
mon envelope channel, and a population of very wide systems (>
3000 d) which did not come into contact. Figure 5 shows a very
different picture (see also Van Winckel 2003; Van Winckel et al.
2009; Manick et al. 2017): all periods fall into a regime least ex-
pected by standard population synthesis predictions (Izzard et al.
2010; Nie et al. 2012). Producing the period distribution ob-
served in our sample requires additional physical processes (Pols
2014), such as high accretion rates from wind-Roche-lobe over-
flow (Abate et al. 2013), efficient loss of angular momentum due
to mass loss (Chen et al. 2018; Saladino et al. 2018), and/or effi-
cient common-envelope ejection (Soker 2015).
Note that post-AGB stars in binaries with periods less than
100 days would currently be filling their Roche lobes (see be-
low). Consequently, these systems would most likely consist
of a hotter post-AGB star, or evolve straight to the PN phase
to become a close binary central star of a planetary nebula
(Miszalski et al. 2009). On the other hand, wide systems with pe-
riods over 3000 days are much harder to detect. Firstly, the HER-
MES monitoring campaign has been operational since 2009.
Consequently, very wide orbits cannot be resolved yet. Secondly,
as mentioned earlier in this work, the orbital analysis is limited
by the pulsations of the post-AGB stars. Cleaning these pulsa-
tions requires a large amount of observations over a relatively
short time span. This is observationally challenging to apply to
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a large sample of stars. The lack of these long-period systems
could therefore be the result of observational bias.
The distribution of Roche-lobe radii in Fig. 8 is bound from
below at 0.2 AU. Our MESA-models of the post-AGB evolution
show that this corresponds to the size of a typical (0.6 M⊙) post-
AGB star at 8000 K. This means that the short-period systems
are currently close to filling their Roche lobes. However, the
post-AGB phase is a transition phase from the AGB to the PN.
This means that post-AGB stars are in a state of rapid contrac-
tion, in which the radius decreases from the order of an astro-
nomical unit to the size of a white dwarf on a timescale of sev-
eral times 103–104 years. Consequently, post-AGB stars that cur-
rently nearly fill their Roche lobe either formed (very) recently
from some interaction, or are currently undergoing an interac-
tion in which the orbit shrinks at a similar pace as the radius of
the star.
7.3.2. Eccentricities
From tidal evolution theory, it is expected that binaries in which
one of the stars fills a substantial fraction of its Roche lobe be-
come circularised in a relatively short time scale, since tidal
forces depend sensitively on the Roche-lobe filling factor (e˙ ∝
(r/a)8, see Zahn 1977). It is a long-standing problem that the
detected large eccentricities in evolved binaries are in contradic-
tion to tidal theory. This is the case for systems in which the for-
mer AGB star is now a white dwarf, which includes barium and
CH stars (Jorissen et al. 1998; Van der Swaelmen et al. 2017),
carbon-enhancedmetal-poor (CEMP) stars (Jorissen et al. 2016;
Hansen et al. 2016), and S-type symbiotics (Fekel et al. 2000),
but also other binaries that have undergone an interaction with
a red-giant star, such as blue stragglers in old stellar clus-
ters (Mathieu & Geller 2015) and wide sdB binaries (Vos et al.
2017).
Post-AGB binaries are no exception to the eccentricity prob-
lem, as over 70% of the post-AGB binaries in our sample are
significantly eccentric. Not only are the closest orbits eccentric
(see Fig. 5), but we would expect all of the post-AGB binaries to
have circularised by now, since all the current Roche-lobe radii
are too small to fit an AGB star.
To produce the observed eccentric orbits in all these different
evolved binary systems, either the tidal forces should be much
weaker than predicted, or an extra eccentricity-pumping mecha-
nism is required, or a combination of both. A study by Nie et al.
(2017) on ellipsoidal variables in the Large Magellanic Cloud
suggests tidal circularisation rates are a factor ∼100 lower than
predicted. Additionally, there are several mechanisms that could
increase the eccentricity. Phase-dependentmass loss on the AGB
can pump the eccentricity by tidally enhancing the mass-loss rate
at the periastron of the orbit (Bonacˇic´ Marinovic´ et al. 2008).
Once a circumbinary disc forms, likely due to preferential mass
loss via the Lagrangian point L2, resonances between material
in the disc and the stars can transfer angular momentum from
the binary to the disc (Dermine et al. 2013). This in turn could
increase the eccentricity of the orbit (Vos et al. 2015), but this is
criticised by Rafikov (2016) who concludes that the eccentric-
ity pumping capacity of the circumbinary discs must be limited.
Alternatively, Kashi & Soker (2018) suggest that increased mass
loss at periastron due to a grazing envelope evolution can main-
tain the eccentricity during the interaction. Finally, the presence
of a third component in the system could cause a dynamical in-
teraction leading to an eccentric orbit (Perets & Kratter 2012).
7.4. Comparison to other evolved binaries
Even though the previously mentioned classes of evolved bina-
ries show similar orbital characteristics and their evolution can
be linked to the post-AGB phase via the white dwarf, there are
some distinct differences. First of all, there is no signature of
s-process enrichment in the photospheres of any of the binary
post-AGB stars in our sample, with one noticeable exception
being HD158616 (De Smedt et al. 2016). If anything, the bi-
nary post-AGB photospheres are generally poor in s-process ele-
ments. The s-process elements are refractory so their abundances
are severely affected by the depletion process. Whether the
depletion masks the former enrichment is currently unknown.
The s-process elements do not deviate from the trend seen in
depleted photospheres, where the underabundance scales with
the condensation temperature (Maas et al. 2005; Giridhar et al.
2005; Reyniers et al. 2007; Gielen et al. 2009; Rao et al. 2012;
Venn et al. 2014), so there is no observational indication that
s-process enrichment was present on the AGB. Furthermore,
all the post-AGB stars in our sample harbour an O-rich disc
(Van Winckel et al. 2009; Gielen et al. 2011). This would imply
that the envelope of the former AGB star also was O-rich, sug-
gesting that the third dredge-up in these stars was inefficient and
did not enrich the object enough to become a carbon star. If the
s-process abundances in the photosphere of the AGB-star are not
enhanced, the companion would not be polluted and hence this
would lead to a normal main sequence + white dwarf binary.
In a large fraction of the low-mass binaries, the stars can
interact on the red giant branch (RGB) as well (Kamath et al.
2016). If the red giant loses enough mass during this interaction,
the core will not be massive enough to ignite helium and the star
will evolve as a ‘post-RGB’ star. These stars are very similar
to the post-AGB stars, except that they are less luminous (1000
– 3000 L⊙). Since we have no information on the distance and
hence on the luminosity, we cannot easily differentiate between
the two. But it is likely that a fraction of the stars in our sample
are post-RGB stars. These stars would of course not pollute the
companion as the s-process nucleosynthesis does not take place
inside an RGB star.
8. Conclusions
We present the orbital elements of 33 galactic post-AGB bi-
naries, of which three orbits are new (IRAS 06165+3158,
IRAS 06452-3456, and IRAS 16230-3410).The orbital elements
are given in Table 1. The orbital periods of the binaries lie in the
range 100–3000 days, while over 70 percent of the binaries have
a significant non-zero eccentricity.
The e log P-diagram (Fig. 5) showsmany similarities to other
types of binaries that have undergone an interaction with a red-
giant star. The distribution of Roche-lobe radii of the binary post-
AGB stars are small enough that the progenitors of the post-AGB
stars must have filled their Roche lobes. From tidal evolution the-
ory one would expect these systems to circularise on a timescale
much shorter than the interaction timescale. Clearly, the physics
of the interaction of stars on the AGB is still poorly understood.
We conclude that extra physics is needed in binary evolution
models in order to produce the observed orbital periods and ec-
centricities, such as enhanced angular-momentum loss, eccen-
tricity pumping by circumbinary discs, phase-dependent mass
loss, etc.
By assuming a distribution for the masses of the post-AGB
stars and a distribution for the inclination, we find that the dis-
tribution of the masses of the companion stars is peaked around
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1.09 M⊙ with a large standard deviation of 0.62 M⊙. This large
spread in companionmasses (0.1−2.5 M⊙) shows the large diver-
sity of post-AGB binaries. This implies that the mass ratio plays
only a marginal role in the binary interactions producing the or-
bits we see today. The observed spread in companion masses,
together with the lack of symbiotic activity and the low escape
velocities of jets observed in post-AGB binaries, shows that the
post-AGB binaries contain mainly main-sequence companions.
The companion masses cover a wide distribution, which also
means that binaries with a wide range of masses can evolve into
post-AGB binaries.
Finally, we found a correlation between the effective temper-
ature, the size of the post-AGB orbit, and the phenomenon of
depletion of refractory elements in the post-AGB photosphere.
Post-AGB stars with high effective temperatures in a wide or-
bit are depleted, contrary to post-AGB stars with either a low
temperature or a close orbit. Since depletion exclusively occurs
in post-AGB stars with disc-type SEDs, we conclude that re-
accretion of material from a circumbinary disc is an ongoing
process in the post-AGB phase, and that this process is ineffi-
cient in more compact post-AGB binary systems.
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Appendix A: Spectral energy distributions
In this appendix we show the SEDs of the post-AGB stars in
the sample. We used a grid of MARCS model atmospheres
(Gustafsson et al. 2008) to fit the SEDs. Filled circles in Fig. A.1
show data points that have been used in the fitting routine, while
empty circles are excluded from the fit. This can be either due
to a contribution of flux from the disc, or because the photome-
try is of bad quality or unreliable. All the SEDs show an infrared
excess starting at near-infrared wavelengths. This points towards
hot dust in the system in the shape of a circumbinary disc.
A variety of surveys provide the photometric data points
with which we construct all the disc-type SEDs in Appendix A.
Photometry at blue, optical, and near-infrared wavelengths
was used to fit the post-AGB photosphere. The most impor-
tant photometry bands at these wavelengths are the UBVRI
Johnson-Cousins bands (Ducati 2002; Anderson & Francis
2012; Morel & Magnenat 1978; Nascimbeni et al. 2016;
Kharchenko 2001; Richmond 2007; Ofek 2008; Henden et al.
2016; Lasker et al. 2008; Girard et al. 2011), Geneva pho-
tometry (Mermilliod et al. 1997), and Strömgren photometry
(Hauck & Mermilliod 1998). In some cases, we used photom-
etry from the Hipparcos (Perryman et al. 1997) and Tycho-2
(Høg et al. 2000) catalogues. Other sources include optical
photometry from the USNO-B catalogue (Monet et al. 2003),
ANS (Wesselius et al. 1982), OAO2 (Code et al. 1980), TD1
(Humphries et al. 1976), the Vilnius bands (Straizys et al. 1989),
and SDSS (Adelman-McCarthy et al. 2008; Abazajian et al.
2009).1 At near-infrared wavelengths, the most important survey
is 2MASS (Skrutskie et al. 2006), while at mid- to far-infrared
wavelengths, the WISE bands (Wright et al. 2010), Akari
photometry (Murakami et al. 2007), and the IRAS mission
(Neugebauer et al. 1984) give us most coverage. For some
sources, we have also used MSX photometry (Egan et al.
2003). Beyond 100 µm, we have photometry from PACS
(Poglitsch et al. 2010) and SPIRE (Griffin et al. 2010) on
the Herschel space observatory, and in few cases SCUBA
photometry (Di Francesco et al. 2008).
Appendix B: Radial velocity curves
This appendix contains the RV curves for all post-AGB binaries
in the sample. The fitted curve has been plotted in each of the
figures, with their corresponding orbital elements given in Ta-
ble 1. The error bars are plotted as well, but they are in many
cases smaller than the symbol size of the data points.
The radial velocity measurements used to construct and fit
the radial velocity curves of all binary post-AGB stars in our
sample are available at CDS. These tables contain the follow-
ing information. Column 1 shows the date at which the radial
velocity measurement was taken, Column 2 gives the radial ve-
locity in km/s, and the uncertainty on the measurement is given
in Column 3.
Appendix C: MESA models
In Sect. 7.1, we use stellar evolution models of the post-AGB
phase to argue that the effective temperature of a post-AGB
star strongly correlates with its envelope mass. These evolution-
ary tracks are computed with version 10398 of the MESA code
(Paxton et al. 2011, 2018). The binary post-AGB stars in our
1 See the relevant instrument papers for the expansion of the acronyms
used in this paragraph.
sample are the result of a strong interaction on the AGB and
hence do not follow a single-star evolutionary track. However,
we assume that after the interaction, the star continues to evolve
as a single star.
Since there is great uncertainty in the evolution prior to the
post-AGB phase, we use a simplified procedure. We adopt a
single-star model of 2.5 M⊙ and solar metallicity, and evolve
it towards the AGB phase. Once the core reaches a mass of
0.45 M⊙,
2 0.55 M⊙, 0.60 M⊙, and 0.65 M⊙, we artificially in-
crease the mass-loss rate to 10−4 M⊙/yr until the mass in the
envelope is reduced to 0.02 M⊙.
Once the envelope is removed, we continue the evolution as
post-RGB/AGB star. The adopted mass-loss mechanism is sim-
ilar to the post-AGB models of Miller Bertolami (2016). We
did not include convective overshooting due to numerical sta-
bility issues in the post-AGB phase as some convective regions
become highly superadiabatic. However, modest values of the
overshooting in all the convective regions have only a small im-
pact on the effective temperature.
Figure C.1 shows the evolution of the envelope mass against
the effective temperature for 4 different masses. The envelope
mass decreases by approximately a factor 10 as the tempera-
ture increases from 3500 K to 5500 K. When the envelope is
still massive enough, the change in effective temperature is small
compared to the change in envelopemass. However, as the enve-
lope mass becomes really small (∼ 10−3 M⊙, depending on the
post-AGB mass), a small decrease in the envelope mass will re-
sult in a large decrease in radius and a large increase in effective
temperature.
2 Note that a core mass of 0.45 M⊙ is reached before the tip of the
RGB. This means that this star never started helium burning, hence be-
comes a post-RGB star.
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Fig. A.1: List of all SEDs of post-AGB stars in our sample. The black curve is the atmospheric model, while the red curve represents
the reddened model. The symbols correspond to the observed photometry where different colours denote different surveys.
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Fig. B.1: Phase-folded orbits of post-AGB binaries in our sample. Green circles show data points taken with the HERMES spec-
trograph, while black triangles are older data. The systemic velocity is given by the horizontal black line. The residuals are shown
below each radial-velocity curve.
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Fig. C.1: Relation between envelope mass and effective temper-
ature for 4 different masses. Models with a temperature higher
than 5000 K are characterised by a low envelopemass. The mass
in the envelope decreases to about 10−3 M⊙ by the time the star
reaches 5500 K.
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